Mutations of the Pick1 gene cause globozoospermia, a male infertility disorder in both mice and human. PICK1 is critical for vesicle trafficking and its deficiency in sperm cells leads to abnormal vesicle trafficking from the Golgi to acrosome. This eventually disrupts acrosome formation and leads to male infertility. We identified a novel BAR-domain binding partner of PICK1: ICA1L, which has sequence similarities to ICA69. ICA1L is expressed in testes and brain, and is the major binding partner for PICK1 in testes. ICA1L and PICK1 are highly expressed in spermatids and trafficked together at different stages of spermiogenesis. ICA1L knockout mice were generated by CRISPR-Cas technology. PICK1 expression was reduced by 80% in the testes of male mice lacking ICA1L. Sperms from ICA1L knockout mice had abnormalities in acrosome, nucleus and mitochondrial sheath formation. Both total and mobile sperms were reduced in number and about half of the remaining sperms had characteristics of globozoospermia. These defects ultimately resulted in reduced fertility of male ICA1L knockout mice and the fertility of male mice was completely eliminated in ICA69/ICA1L double knockout mice.
Introduction
Infertility is a health problem affecting 10-15% of couples worldwide (Jarow et al., 1989; Dunson et al., 2004) . Among the infertile couples, around half are caused by male infertility (Jarow et al., 2002; Turek, 2005; Ferlin et al., 2006) . Globozoospermia is a rare and severe sperm morphology disorder characterized by round-headed, acrosomeless spermatozoa (Sen et al., 1971) . The acrosome locates at the head of mammalian sperm and contains various hydrolytic enzymes. The acrosome plays a crucial role during fertilization. When the sperm comes into contact with the zona pellucida of an egg, the acrosomal hydrolytic enzymes are released to facilitate sperm penetration into the zona pellucida prior to fusion with the egg (Ikawa et al., 2010) .
Human patients having a complete form of globozoospermia, characterized by 100% acrosomeless sperms termed type I globozoospermia or total globozoospermia, are infertile. There are also a larger group of people whose sperms are partially acrosomeless, which was termed partial globozoospermia or type II globozoospermia (Dam et al., 2011) . Several genetic models phenocopied human globozoospermia, such as mouse deficient in CK2α', Hrb, GOPC, GBA2, ZPBP1&2, Hsp90b1, Vps54, SPACA1, Dpy19l2, Atg7 and PICK1 (Xu et al., 1999; Kang-Decker et al., 2001; Yao et al., 2002; Yildiz et al., 2006; Lin et al., 2007; Xiao et al., 2009; Audouard and Christians, 2011; Paiardi et al., 2011; Fujihara et al., 2012; Pierre et al., 2012; Wang et al., 2014) . In addition, mutations of SPATA16, PICK1 and DPY19L2 have been identified in human globozoospermia patients, with deletions and point mutations of DPY19L2 as a major cause of globozoospermia (Dam et al., 2007; Liu et al., 2010; Harbuz et al., 2011; Koscinski et al., 2011; Coutton et al., 2012; ElInati et al., 2012; Zhu et al., 2013) . PICK1 (protein interacting with C-kinase 1) is a peripheral membrane protein that is important for protein and vesicle trafficking. PICK1 contains a PDZ (PSD-95/Dlg/ZO1) domain and a BAR (Bin/amphiphysin/Rvs) domain. The BAR domain of PICK1, which forms banana-shaped dimers, is capable of binding to the curved vesicle membrane . The PDZ domain of PICK1 interacts with AMPA receptor subunits GluA2/3/4c (Dev et al., 1999; Xia et al., 1999) . PICK1 is involved in LTD (long term depression) and LTP (long term potentiation) by regulating subcellular localization and surface expression of AMPA receptors (Chung et al., 2000; Xia et al., 2000; Perez et al., 2001; Steinberg et al., 2006; Terashima et al., 2008) . ICA69 (islet cell autoantigen 69 kD) was first identified as an autoantigen from type 1 diabetes patients (Pietropaolo et al., 1993) . ICA69 also contains an N-terminal BAR domain. ICA69 forms heteromeric BAR domain dimers with PICK1 and is the major binding partner for PICK1 in the brain and pancreas (Cao et al., 2007; Cao et al., 2013) . ICA69 inhibits synaptic targeting of AMPA receptors by restricting the localization of PICK1 to dendritic shafts (Cao et al., 2007; Xu et al., 2014) . In addition, The BAR domain complex of PICK1 and ICA69 associates with insulin granule trafficking in pancreatic beta-cells. Deficiency of PICK1 leads to abnormal trafficking of insulin granules and glucose intolerance (Cao et al., 2013; Holst et al., 2013) . Moreover, this complex was also found to promote the budding of growth hormone granules from the Golgi apparatus in the pituitary gland (Holst et al., 2013) .
ICA69 KO (knockout) mice share similar insulin trafficking defects and glucose intolerance as PICK1 KO mice (Cao et al., 2013) . Interestingly, PICK1 and ICA69 are stabilized by each other in the complex that absence of one leads to the disappearance of the other from pancreatic beta-cells.
Our previous work has demonstrated that mutation of PICK1 in mice also led to phenotypes resembling globozoospermia, with primary defects in acrosome formation (Xiao et al., 2009) . Acrosome malformation in PICK1 KO mice was caused by the abnormal trafficking of vesicles from the Golgi to acrosome. These defects could be rescued by testes-specific expression of PICK1 (Li et al., 2013) . In addition, mutation of PICK1 was identified in one human globozoospermia patient, providing further support to the importance of PICK1 in acrosome formation and male infertility (Liu et al., 2010) . Interestingly, despite the ICA69 KO mice shared very similar insulin trafficking defects as PICK1 KO mice, the ICA69 KO mice were very different from PICK1 KO mice in terms of acrosome formation and fertility, as no obvious defects were observed. Here we report that we have identified a novel protein islet cell autoantigen 1-like (ICA1L), which contains a BAR domain with high similarity to the BAR domain of ICA69, as the major binding partner for PICK1 in testes. ICA1L and PICK1 were highly expressed in spermatids and trafficked together at different stages of spermiogenesis. Both total and mobile sperms were reduced in number and about half of the remaining sperms had characteristics of globozoospermia. These defects ultimately resulted in reduced fertility of ICA1L KO male mice and the fertility of male mice was completely eliminated in ICA69/ICA1L DKO (double knockout) mice.
Results

ICA1L is abundant in testes
ICA69 is the major binding partner of PICK1 in brain and pancreas (Cao et al., 2007; Cao et al., 2013) . ICA69 KO mice shared very similar phenotypes as PICK1 KO mice in terms of insulin trafficking and glucose intolerance (Cao et al., 2013) . However, unlike PICK1 KO mice, ICA69 KO mice had no obvious defect in fertility. Using a blast search, we found a novel protein ICA1L, which contains a BAR domain with high similarity to that of ICA69 and a unique C-terminal region (Fig. 1A,B) .
Interestingly, the BAR domain of ICA1L is highly conserved during evolution, implicating a conserved role in different species (supplementary material Fig. S1 ).
Therefore, we wondered whether ICA1L has a compensatory or differential role comparing to ICA69. To investigate their relationship, ICA69 and ICA1L specific antibodies targeting their C-terminal regions were generated (Fig. 1B-D) . The ICA1L antibody specifically recognized ICA1L and the ICA69 antibody specifically recognized ICA69 (Fig. 1C) . A strip test for the ICA1L antibody demonstrated that it recognized a single band in testes homogenates (Fig. 1D) . A peptide antibody previously generated against ICA69 recognized both (Cao et al., 2007) (Fig. 1C) .
However, the peptide antibody could also be used for Western blotting because the molecular size of ICA69 is bigger than that of ICA1L (Fig. 1C) and this antibody could only weakly recognize endogenous ICA1L (data not shown).
Using the ICA1L-specific antibody the tissue distribution of ICA1L was determined. Interestingly, ICA1L was abundant in testes but only weakly expressed in brain (Fig. 1E) . ICA1L was absent in other tissues. PICK1 was highly expressed in brain, testes, followed by pancreas. ICA69 was mainly expressed in brain and pancreas but only weakly expressed in testes.
ICA1L interacts with PICK1 in vitro and in vivo
ICA69 forms a heteromeric BAR domain complex with PICK1 (Cao et al., 2007) .
ICA1L contains a BAR domain with high similarity to that of ICA69. Next, we investigated whether ICA1L could interact with PICK1. We found that ICA1L potently bound to PICK1 when co-expressed in a heterologous system ( Fig. 2A ). In addition, using PICK1 antibodies to immunoprecipitate endogenous PICK1, ICA1L was robustly co-immunoprecipitated with PICK1 from both brain and testes homogenates (Fig. 2B,C) . In another direction, ICA1L antibodies were used to immunoprecipitate endogenous ICA1L in testes homogenates, and PICK1 was readily co-immunoprecipitated with ICA1L (Fig. 2D) . These results suggest that PICK1 and ICA1L strongly interact with each other. Interestingly, ICA1L had an additional higher band in brain and when over-expressed in HEK293T cells indicated by asterisks ( Fig. 2A,B) .
To determine which domain of ICA1L interacted with PICK1, deletion mutants of ICA1L were generated (Fig. 2E) . The ICA1L BAR domain potently bound to PICK1 while the C-terminal region weakly interacted with PICK1 (Fig. 2F) . To map which domain of PICK1 interacted with ICA1L, deletion mutants of PICK1 were generated (Fig. 2G) . The BAR domain of PICK1 bound to ICA1L while the PDZ domain and the C-terminal region did not (Fig. 2H ). In addition, the BAR domain of PICK1 interacted with the BAR domain of ICA1L (Fig. 2I ). Taken together, these results suggest ICA1L interacts with PICK1 mainly in a BAR domain dependent manner.
ICA1L is the major binding partner for PICK1 in testes
Interestingly, we also found that ICA1L was absent in PICK1 KO mice, similar as ICA69 (Fig. 3A) . The mRNA expression levels of ICA69 and ICA1L were not reduced in the brain and testes of PICK1 KO mice, indicating that the disappearance of ICA69 and ICA1L in PICK1 KO mice was not due to down-regulated gene transcription (Fig. 3B,C) . The fact that ICA1L bound tightly to PICK1, and ICA1L was highly expressed in testes suggesting that ICA1L could be the major binding partner for PICK1 in testes. To estimate the percentages of ICA1L and PICK1 that were associated with each other in testes, we performed quantitative coimmunoprecipitation from testes homogenates. First, PICK1 antibodies were used to immunoprecipitate endogenous PICK1 in testes twice consecutively and ~86% of ICA69 and ~85% of ICA1L co-immunnoprecipitated with PICK1 ( Fig. 3D,E) .
Similarly, ICA1L antibodies were used to immunoprecipitate endogenous ICA1L in testes and ~80% of PICK1 co-immunnoprecipitated with ICA1L (Fig. 3F,G) . No ICA69 co-immunoprecipitated with ICA1L, suggesting that the three proteins did not form a complex (Fig. 3F,G) . It also further confirmed the specificity of the ICA1L antibody. After immnunoprecipitation with ICA1L antibodies, the ICA69 antibodies were used to immunoprecipitate endogenous ICA69 in testes and ~11% of PICK1 co-immunoprecipitated with ICA69 (Fig. 3F,G) . As control, GAPDH was immunoblotted and it was not significantly changed by immunoprecipitations by PICK1, ICA69 or ICA1L antibodies, further supporting the specificities of these antibodies (Fig. 3D-G) .
Taken together, the foregoing results demonstrate that ICA1L is abundant and the major binding partner for PICK1 in testes.
ICA1L regulates PICK1-mediated AMPA receptor clustering similar to ICA69 and is upregulated in the brain of ICA69 KO mice PICK1 regulates subcellular localization and surface expression of AMPA receptors and is consequently involved in LTD and LTP (Chung et al., 2000; Xia et al., 2000; Perez et al., 2001; Steinberg et al., 2006; Terashima et al., 2008) . ICA69 regulates AMPA receptor trafficking by disrupting PICK1 homodimer formation (Cao et al., 2007) . The fact that both ICA69 and ICA1L were expressed in brain made us wonder whether ICA1L has a compensatory role for ICA69 (Fig. 1E,3A ). GluA2 diffused in the cytoplasm when expressed in HEK293T cells and PICK1 clustered GluA2 when co-expressed in HEK293T cells (Fig. 4A ). Additional expression of ICA1L disrupted PICK1-GluA2 clusters ( 
ICA1L traffic together with PICK1 during spermiogenesis
ICA1L was mainly expressed in testes, so we wanted to focus on studying the function of ICA1L in testes. PICK1 is mainly expressed in spermatids and is involved in acrosome trafficking (Xiao et al., 2009) . Since ICA1L was the major binding partner for PICK1 in testes this made us wonder whether ICA1L also expressed in spermatids. Using immunohistochemistry, we found that both ICA1L and PICK1
were expressed in spermatids and co-localized very well with each other (Fig. 5A ). To figure out whether ICA1L and PICK1 traffic together during spermiogenesis, dynamic locations of PICK1 and ICA1L were characterized. Both PICK1 and ICA1L partially co-localized or were close to the acrosome during the Golgi phase and started to move to the opposite ends of the acrosome during the cap and acrosome phases (Fig. 5B ,C).
PICK1 and ICA1L then completely located at the opposite ends of acrosome in the maturation phase (Fig. 5B,C) . These results suggest ICA1L shared similar trafficking dynamics with PICK1 during spermiogenesis. Notably, and consistent with Western blotting data, the ICA1L signal was absent in PICK1 KO mice (Fig. 5C ). The acrosome was fragmented and nucleus formation was impaired in PICK1 KO mice as previously reported (Xiao et al., 2009) (Fig 5B,C) . Taken together, these results suggest that ICA1L and PICK1 traffic together during spermiogenesis.
Generation of ICA1L KO mice by CRISPR-Cas
Since ICA1L is the major binding partner for PICK1 in testes and they traffic together during spermiogenesis, we wondered whether deletion of Ica1l would affect spermiogenesis. ICA1L KO mice were therefore generated by CRISPR-Cas technology. Exon 2 was targeted and a restriction enzyme site for NspI was chosen for restriction fragment length polymorphism (RFLP) analysis (Fig. 6A ). The PCR product containing the target region was gel purified and NspI digestion gave two theoretical bands ( Table   S1 ). Interestingly, we found that most insertion sites happened in between the third and fourth base pair (bp) before the protospacer adjacent motif (PAM) (supplementary material Fig. S2 ). No off-targeting was identified (supplementary material Table S2) and the mosaic rate was about 50%, similar to the previous report (supplementary material Fig. S2 ). A founder with a mutant allele of 23 bp deletion (Founder 2 in supplementary material Fig. S2 ) was back-crossed to C57BL/6J for the following experiments. In genotyping, the PCR products for WT (wild-type) and ICA1L KO mice are 112 bp and 89 bp respectively and heterozygous mice contain both (Fig. 6F ).
PICK1 is reduced by 80% in the testes of ICA1L KO mice
After ICA1L KO mice were generated, protein expression levels were investigated in testes, brain and pancreas. Interestingly, we found that PICK1 was reduced by ~80% in the testes of ICA1L KO mice (Fig. 7A,B) , which correlates to the earlier finding that 80% of PICK1 was associated with ICA1L in testes (Fig. 3F,G) . This suggests PICK1 was degraded without binding to ICA1L in testes. However, PICK1 was not significantly changed in the testes of ICA69 KO mice, implying that ICA69 does not play an important role in testes (Fig. 7A,B) . ICA69 was not significantly altered in the testes of ICA1L KO mice (Fig. 7A,C) . Similarly, ICA1L was also not significantly changed in the testes of ICA69 KO mice (Fig. 7A,D) . In addition, we mated ICA69/ICA1L DKO mice and found that PICK1 was reduced by ~82% in the testes of ICA69/ICA1L DKO mice, not much different from the 80% reduction of PICK1 in ICA1L KO mice, again confirming that the loss of ICA69 did not contribute much to the loss of PICK1 in testes (Fig. 7E,F ).
PICK1 was reduced by ~73% in the brains of ICA69 KO mice while PICK1 was slightly reduced in the brains of ICA1L KO mice (Fig. 7G,H) . This result suggests that ICA69 is the major binding partner for PICK1 in brain while ICA1L is a minor binding partner. ICA69 was not changed in the brains of ICA1L KO mice (Fig. 7G,I ).
PICK1 was reduced to almost undetectable levels in the pancreas of ICA69 KO mice (Fig. 7K,L) . ICA1L was absent from the pancreas (Fig. 7K ). ICA69 and PICK1 were not significantly altered in the pancreas of ICA1L KO mice (Fig. 7K-M) .
Defective sperms and fertility in ICA1L KO and ICA69/ICA1L DKO mice
Although 80% of PICK1 was reduced in the testes of ICA1L KO mice, ICA1L KO male mice were still fertile (Fig. 8A) . However, the fertility of ICA1L KO male mice was significantly reduced. The litter size of ICA1L KO male mice was reduced by about 36% compared to WT mice, while no significant change was found in ICA69 KO male mice (average litter size [mean ± s.e.m.]: male WT, 7.4 ± 0.4, n=8; male ICA69 KO, 6.0± 0.5, n=8; male ICA1L KO, 4.7± 0.7, n=16) (Fig. 8A ). More importantly, male ICA69/ICA1L DKO mice were completely infertile (Fig. 8A) . To investigate how deficiency of ICA1L led to reduced fertility and why ICA69/ICA1L DKO male mice were completely infertile, sperms from the cauda epididymis were examined. The total sperm number from the cauda epididymis of ICA1L KO mice was reduced by ~46% (Fig. 8B) . The numbers of mobile and linear mobile sperms from the cauda epididymis were also reduced by ~54% and ~60% respectively (Fig.   8C,D) . Although there were trends of reduction of total, mobile and linear mobile sperm numbers for ICA69 KO mice, they did not reach significance compared to WT controls ( Fig. 8B-D) . On the other hand, ICA69/ICA1L DKO mice had severe defects.
Total sperm number was reduced by ~98% (Fig. 8B) . Mobile sperm number was reduced by ~99% and no linear mobile sperm was observed in ICA69/ICA1L DKO mice, compared to WT mice (Fig. 8C,D) . Hematoxylin and Eosin (H&E) staining of the cauda epididymis confirmed the numbers of mature sperms in ICA1L KO and ICA69/ICA1L DKO mice were reduced (Fig. 8E) . From the H&E staining of seminiferous tubules of testes, the layers of cells (spermatogonia, spermatocytes and round spermatids) were preserved in ICA69 KO, ICA1L KO and ICA69/ICA1L DKO mice (Fig. 8F) . However, sperms with round nuclei could be detected in ICA1L KO and ICA69/ICA1L DKO mice. This suggests that abnormal transition from round spermatids to mature sperms during spermiogenesis could result in defective sperms in ICA1L KO and ICA69/ICA1L DKO mice.
When carefully examining the morphology of the sperms from the cauda epididymis, we observed that a large number of sperms from ICA1L KO and ICA69/ICA1L DKO mice did not have the typical hook-like morphology, but had abnormal heads resembling irregularly shaped balls (Fig. 8G) . Next we examined the sperms from the cauda epididymis by labeling nuclei with DAPI and the acrosomes with sp56. The sperms from WT and ICA69 KO mice have typical crescent moon shape acrosomes marked by sp56 while the acrosomes of some sperms in ICA1L KO mice have defects including fragmentation, mislocalization and deformation (Fig. 8H) .
The acrosomes in ICA69/ICA1L DKO mice were either fragmented or completely lost (Fig. 8H ). Smaller and irregular nuclei could also be observed in ICA1L KO and ICA69/ICA1L DKO mice (Fig. 8H) . Immunostaining with Tomm20, which labels mitochondria, revealed that the mitochondrial sheaths, which are responsible for sperm movement, had a variety of defects in the sperms of ICA1L KO and ICA69/ICA1L DKO mice, including wrapping around the deformed nucleus, aggregating near the deformed nucleus and splitting into separate aggregates (Fig. 8I) .
Quantification of sperms from the cauda epididymis of WT and ICA69 KO mice
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showed that only 4% and 9% of sperms respectively had an abnormal nucleus, acrosome and mitochondrial sheath (Fig. 8J) . However, for ICA1L KO and ICA69/ICA1L DKO mice, about 51% and 95% of sperms respectively had an abnormal nucleus, acrosome and mitochondrial sheath (Fig. 8J) . These abnormalities are reminiscent of the defects seen in globozoospermia, a human infertility disorder characterized by round-headed sperms with deformed nuclei, abnormal acrosomes, and malformed mitochondrial sheaths. Taken together, our results demonstrated that deficiency of ICA1L led to reduced male fertility in a mouse model with characteristics of type II globozoospermia, while deficiency of both ICA1L and ICA69 led to complete infertility in male mice.
Discussion
In this study, we identified ICA1L as a novel binding partner of PICK1. ICA1L is homologous to ICA69, another BAR domain containing protein that we have previously reported as the major binding partner for PICK1 in brain and pancreas (Cao et al., 2007; Cao et al., 2013) . Our previous results suggested that ICA69 associates with 76% of PICK1 in brain by forming a tight BAR-domain complex.
Around 73% of PICK1 is reduced in the brains of ICA69 KO mice. In this study, we found ICA1L also form BAR domain complexes with PICK1. ICA1L interacts with PICK1 in brain and ICA1L disrupts PICK1-GluA2 clusters and competes with PICK1 for homodimer formation similar to ICA69. In addition, the distribution pattern of ICA1L is similar to that of ICA69 and PICK1 in different brain regions and ICA1L is increased in the brains of ICA69 KO mice. Taken together, ICA1L has a compensatory role for ICA69 in the brain.
Despite the similarity, the tissue distribution of ICA1L is quite different from that of ICA69. Expression of ICA69 is high in brain where ICA1L is low. Expression of ICA69 is low in testes where ICA1L is high. In addition, ICA1L is completely absent in pancreas, where ICA69 expression is high. ICA1L accounts for binding to 80% of PICK1 while ICA69 accounts for only 11% in testes. PICK1 was reduced by 80% in the testes of ICA1L KO mice. ICA69 and ICA1L are completely gone in PICK1 KO mice. The mRNA expression levels of ICA69 and ICA1L in the brain and testes of PICK1 KO mice are not altered. One possible explanation is that ICA69 and ICA1L form complexes with PICK1 and stabilizes each other in the complexes. Loss of one protein leads to the degradation of the other partner in the complexes.
In Western blotting, while the ICA69 band at the correct size was gone in ICA69 KO mice, a smaller band was detected by our ICA69 antibodies in the testes of ICA69 KO mice but not in the brains and pancreas. The antibodies we used were C-terminal antibodies. The smaller size of this additional band suggests that it could be a truncated form or abnormal spliced form of ICA69. The ICA69 KO mice used here were generated by deleting exon 2 of Ica1 gene (Winer et al., 2002) . It is possible that abnormal splicing isoform could be generated in ICA69 knockout mice by joining the exons before and after exon 2. Alternatively, truncated form of ICA69 could be produced by using alternative start codon downstream of the original start codon. The fact that this additional band was only found in testes, but not in brain or pancreas suggests that this abnormal splicing or alternative start codon was only utilized in testes. This truncated protein, however, could not compensate for the loss of ICA69 in the double knockout mice, suggesting it may not be functional.
Although PICK1 was reduced by 80% in the testes of ICA1L KO mice, male mice deficient in ICA1L were still fertile. The mice became completely infertile only after both ICA1L and ICA69 were knocked out. This suggests that there might be two independent pathways or types of vesicles that contribute to the biogenesis of acrosome. The major one is mediated by ICA1L and the minor one depends on ICA69.
Despite the minor role of ICA69 in testes, it is still able to form heteromeric complex with PICK1 and compensates for the loss of ICA1L to a certain degree in acrosome biogenesis. In the absence of both ICA69 and ICA1L, PICK1 could only form homodimers, which is not sufficient to support the normal vesicle trafficking needed for acrosome formation. As a result, acrosome formation was severely impaired in ICA69/ICA1L DKO mice.
Mice deficient in PICK1 are completely infertile and have globozoospermia-like phenotype (Xiao et al., 2009 ). In addition, mutation of PICK1 caused globozoospermia in human emphasizing the importance of PICK1 in acrosomal trafficking (Liu et al., 2010) . The mutation of PICK1 (G393R), which causes globozoospermia in human, locates at the C-terminal acidic region of PICK1. PICK1 G393R does not affect the interaction with ICA1L (unpublished data). The acidic region of PICK1 negatively regulates the lipid binding ability of the BAR domain of PICK1 which is also important for protein trafficking . So it is possible that the lipid binding ability of the BAR domain is affected by the mutation of the acidic region, which would influence normal acrosome trafficking (Liu et al., 2010) .
There are two different types of globozoospermia in human. Type I globozoospermia (total globozoospermia) is characterized by 100% acrosomeless sperms. Type II globozoospermia (partial globozoospermia) presents an increased proportion of round-headed sperms and acrosome malformations compared to normozoospermia (Dam et al., 2011) . The sperms in ICA1L KO mice are not completely acrosomeless. Some of the sperms still have partial presence of acrosomes and mitochondria in their heads, characteristics of type II globozoospermia, suggesting ICA1L could be involved in the pathogenesis of type II globozoospermia.
It would be interesting to search for potential mutations of ICA1L in human patients with type II globozoospermia.
In some animal models resembling globozoospermia such as mouse deficient in GOPC or ZPBP1&2, the sperm concentrations are normal (Yao et al., 2002; Lin et al., 2007) . In other animal models such as mouse deficient in CK2α', Hrb, GBA2, Vps54, Dpy19l2 or Atg7, sperm concentrations are reduced (Xu et al., 1999; Kang-Decker et al., 2001; Yildiz et al., 2006; Paiardi et al., 2011; Pierre et al., 2012; Wang et al., 2014) . Interestingly, the sperm concentrations of total globozoospermia patients are normal, but the sperm concentrations of partial globozoospermia patients are reduced (Dam et al., 2011) . Sperm numbers are reduced in ICA1L KO, ICA69/ICA1L DKO mice as well as PICK1 KO mice. PICK1, ICA69 and ICA1L expresses in hypothalamus (Fig. 4H) . This raises the possibility that reduced sperm concentration could be the consequence of impaired hypothalamic-pituitary-gonadal axis. However, the defects of spermiogenesis are the primary effect of PICK1 deficiency in testes instead of altered hypothalamic-pituitary-gonadal axis because re-expression of PICK1 by lentiviral infection into the seminiferous tubules could rescue the abnormal spermiogenesis and male infertility of PICK1 KO mice (Li et al., 2013) . The functions of ICA1L, ICA69 and PICK1 depend on each other, so it is unlikely that defective spermiogenesis is caused by impaired neuroendocrine function in ICA1L KO or ICA69/ICA1L DKO mice.
CRISPR-Cas is a fast, efficient and reliable technology which can be used for multiplex genome editing (Ran et al., 2013; Wang et al., 2013; Yang et al., 2013 ).
Higher Cas9 mRNA and sgRNA levels may not result in higher mutation rate (Ran et al., 2013 ). But we found that a higher injection volume results in a higher mutation rate (supplementary material Table S1 ). Interestingly, we also found that most insertion mutations happened in between the third and fourth base pair before PAM motif (supplementary material Fig. S2 ). The mosaic rate is about 50%, similar to the previous reported ) (supplementary material Fig. S2 ). No offtargeting happened in our case (supplementary material Table S2 ), which is consistent with low off-targeting rate in mice .
Materials and Methods Antibodies
ICA1L-specific antibody was generated against amino acid residues 266-411 of rat ICA1L. ICA69-specific antibody used in immunoprecipitation was generated against amino acid residues 275-459 of rat ICA69. A peptide antibody against ICA69 which could recognize both ICA69 and ICA1L was previously generated against amino acid residues 468-480 (IGKTDKEHELLNA) of rat ICA69 (Cao et al., 2007) . Guinea pig PICK1 antibody used in immunostaining was previously generated against the Cterminal 100 amino acid residues of mouse PICK1 (Cao et al., 2007) . Rabbit PICK1 antibody (PC100) used in immunoblotting was previously generated against the Cterminal 100 amino acid residues of mouse PICK1 (Cao et al., 2007) . Rabbit PICK1 antibody previously generated against the N-terminal 29 amino acid residues of mouse PICK1 was used in immunoprecipitation (Cao et al., 2007) . Rabbit GFP antibody was generated using GFP fusion protein as the antigen. Primary antibodies used include the following: mouse PICK1 antibody (antigen: from amino acid residue 10 to 130) was purchased from NeuroMab. Mouse myc antibody was purchased from Developmental Studies Hybridoma Bank (9E10). Mouse GAPDH antibody was purchased from Abcam. Mouse GluA2 antibody was purchase from Millipore. Mouse sp56 antibody was purchased from QED Bioscience. Rabbit Tomm20 antibody was purchased from Santa Cruz Biotech.
cDNA cloning
Rat PICK1, Rat ICA69 and mouse ICA1L cDNA were subcloned into corresponding expression vectors in frames by restriction enzyme SalI/NotI. All constructs are sequencing verified.
Preparation of tissue samples for Western blotting
Tissues were dissected and homogenized using homogenate buffer (10 mM Tris-HCl and 320 mM sucrose supplemented with protease inhibitor cocktail tablet (Roche), pH 7.4) to obtain the total proteins. Spin down at 700 g for 10 min at 4°C. Keep the supernatant. Protein concentration was determined by Bradford protein assay (Pierce, Rockford, IL). Equal amounts of proteins were loaded to SDS-PAGE and analyzed by Western blotting. 
Genotyping PCR and RT-PCR
HEK293T cell culture and transfection
Human Embryonic Kidney 293T cells (HEK 293T) were cultured in humidified atmosphere containing 5% CO2 in MEM (Gibco) supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 µg/ml streptomycin and passed every 2-3 days when the cell confluence reached to 80-90%. Calcium phosphate co-precipitation method was used for transient transfection and medium was changed 9 h after transfection.
Immunocytochemistry
Cells were fixed 48 h after transfection by 4% paraformaldehyde plus 4% sucrose in PBS for 20 min at room temperature. The cells were then permeabilized by 0.2%
Triton X-100 in PBS for 10 min at room temperature. After blocking with 10% normal donkey serum (NDS) in PBS for 1 h, the cells were incubated with primary antibody in 3% NDS for 1 h at room temperature, followed by 1 h incubation with fluorescence conjugated secondary antibody (Jackson Immuno). After washing with PBS three times at 10 min interval, the coverslips were mounted with Permafluor (Immunon).
Immunohistochemistry
Testes were fixed by cardiac perfusion through the left ventricle with 4% paraformaldehyde and 4% sucrose in PBS followed by post fixation with 4% paraformaldehyde and 4% sucrose in PBS for 4 h at 4°C. Cryo-protection was performed by incubating testes in gradient sucrose-PBS solution (10% sucrose, 20%
sucrose and 30% sucrose in PBS) at 4°C. Cryosections of 5 µm thickness were used for immunohistochemistry.
CRISPR-Cas-mediated gene targeting
ICA1L KO mice were generated as previously reported . Briefly, DNA template for sgRNA was cloned into pX330 by BbsI (New England Biolabs).
The sgRNA oligonucleotides used for generating sgRNA expression vector are:
forward 5'-caccgggaaagaaggaggacgagcatg-3' and reverse 5'-aaaccatgctcgtcctccttctttccc-3'. Empty vector and the construct expressing the sgRNA were transfected into N2a cells respectively and RFLP analysis was used for the efficiency testing. Primers used for PCR amplification of fragment containing the targeting region are: forward 5'-agcaggctgagcaagccactaagcagtacttcctatg-3' and reverse 5'-tagaattatttctagccataattataaaatcttaacaat-3'. The PCR products were digested with NspI (New England Biolabs) and separated on a GelRed stained agarose gel (1%). Fragments carrying mutations could not be cut by NspI. After efficiency testing in vitro, T7 promoter was added to Cas9 template by PCR amplification using the following primers: forward 5'-taatacgactcactatagggagaatggactataaggaccacgac-3' and reverse 5'-gcgagctctaggaattcttac-3'. The PCR product was gel purified and used as the template for in vitro transcription using mMESSAGE mMACHINE T7 Ultra kit (Life Technologies). T7 promoter was added into sgRNA template by PCR amplification using the following primers: forward 5'-ttaatacgactcactatagggaaagaaggaggacgagcatg-3' and reverse 5'-aaaagcaccgactcggtgcc-3'. The PCR product was gel purified and used as the template for in vitro transcription using MEGAshortscript T7 kit (Life Technologies). Both the Cas9 mRNA and the sgRNA were purified using MEGAclear kit (Life Technologies). Cas9 mRNA (100 ng/μl) and sgRNA (20 ng/μl) were microinjected into the cytoplasm of B6CBAF2 zygotes in M2 medium (Millipore).
Thereafter, 20 embryos were transferred into the oviducts of each pseudopregnant B6CBAF1 female. In total 60 embryos were transferred into three foster mothers. All animal procedures were approved by the Animal Ethic Committee of the Hong Kong University of Science and Technology.
Off-targeting analysis
Potential off-targets were predicted by searching the mouse genome (mm10) for matches to the 23 nucleotides sgRNA sequence containing up to three mismatches followed by NGG PAM motif. Fragments containing the potential off-targeting sites were PCR amplified from genomic DNA of founders and cloned into pEGFP-C3 vector and sequenced. More than 12 clones were sequenced for each site. Primers used for cloning was list in Supplementary Material, Table S3 .
Epididymal sperm count and morphology classification
The number of epididymal sperm was determined as previously described (Cooper and Castilla, 2009) . Briefly, the cauda epididymis was dissected and incised. Sperms were exude into 5ml sperm extract medium for 30 minutes at 37°C under 5% CO2 and counted by hemocytometer or spread on slides for morphological observation.
Histology
The cauda epididymis and testes were fixed by cardiac perfusion through the left ventricle with 4% paraformaldehyde and 4% sucrose in PBS followed by post fixation with 4% paraformaldehyde and 4% sucrose in PBS for overnight at 4°C. The cauda epididymis and testes were dehydrated through a graded ethanol series, and then embedded in paraffin. Sections (5 μm) were cut on a microtome (Shandon Finesse; Thermo Fisher Scientific). H&E staining was performed to stain the sections.
Quantitative co-immunoprecipitation
Testes from WT mice were homogenized using homogenate buffer (10 mM Tris-HCl and 320 mM sucrose supplemented with protease inhibitor cocktail tablet (Roche), pH 7.4). Spin down at 700 g for 10 min at 4°C. Keep the supernatant and add 2% triton to solubilize proteins for 2 h at 4°C. Spin down at the maximum speed for 20 min. Keep the supernatant. Protein concentration was determined by Bradford protein assay (Pierce, Rockford, IL) . Make the final concentration to be 1mg/ml. Get 0.5ml of the testes samples and perform immunoprecipitation by protein A beads (GE healthcare)
previously incubated with antibodies. The testes homogenates before immunoprecipitation was designated as "Input". The testes homogenates after the first and second immunoprecipitation were designated as AIP1 and AIP2 respectively. The immunoprecipitation and co-immunoprecipitation efficiencies were calculated by AIP/Input ratio which was determined by Densitometry analysis.
Confocal microscopy
Fixed cells or testes slices were imaged using inverted microscopes LSM510 or LSM710 Meta (Carl Zeiss, Inc.) with a 63x /1.4 oil DIC Plan Apo objective. Images were acquired by LSM or ZEN 2009. Images were processed by Adobe Photoshop to adjust intensity and contrast, to select region of interest and to overlay images. All images were taken in monochrome gray scale and artificially colored for presentation.
Statistical analyses
Statistical analyses of group data were performed using unpaired, two-tailed Student's t-test. Asterisks indicate a significant difference: *p < 0.05, **p < 0.01, ***p <0.001. Journal of Cell Science Accepted manuscript Journal of Cell Science Accepted manuscript during acrosome formation. Guinea pig PICK1 antibodies were used to label endogenous PICK1 (red). Rabbit ICA1L antibodies were used to label endogenous ICA1L (red). Mouse sp56 antibodies were used to label acrosomes (green, arrows).
DAPI was used to label nucleus (blue). Scale bar, 10 μm. Screening of founders. PCR products from newborns were gel purified and digested by NspI. Three littermates from three foster mothers were screened. Embryos in recipient 1 were injected at a relatively higher volume while embryos in recipient 2 and 3 were injected at a lower volume. Injection of higher volume resulted in a higher mutation rate. (F) Genotyping of ICA1L KO mice. The PCR product for WT mice is 112 bp. The PCR product for KO mice is 89 bp. Heterozygous mice contain both.
